In the present study, to reveal the air entrainment mechanism into a suction pipe in a suction sump, the authors conduct flow-velocity measurements by UDM (Ultrasonic Doppler Method). Here, we consider the simplest geometry as a suction sump, that is, a straight channel with rectangle-cross section and a simple suction pipe near the end of the channel. Ultrasonic transducers are fixed outside the side, bottom and back walls with right/near-right angles and, we get three-dimensional time-mean velocity distributions and equi-vorticity contours. At first, measurement accuracy is checked by comparing velocity profiles by UDM with hydrogen bubble method. As a result, the authors show typical flow fields in the sump, and show the relation between flow pattern and air entrainment. Especially, we compare two cases where the air entrainment is often observed.
Introduction
In power generation plants, irrigations, drainages and so on, the optimum designs of suction sumps are needed to achieve low cost, compact size and high efficiency. As well, in recent years, we often require the miniaturisation of suction sumps. In such situations, air entrainments often induce vibrations and noises, which may result in pump's low efficiency or collapse, or which may stop water-vein managements of rivers (for example, see reference (1) ).
Hirata et al. (2) have conducted a series of air-entrainment experiments, and revealed the critical conditions to occur the air entrainment. However, for the precise prediction of the air entrainment, we have to understand the flow field in the sump accurately and in detail. Concerning the flow in the sump, Hattersley (3) and Tagomori & Ueda (4) carried out flow visualisations with qualitative discussions. Constantinescu & Patel (5) carried out three-dimensional numerical simulations with a k-ε turbulent model, and reveal a steady flow field at a Reynolds number of 60000. Till now, while there have been some qualitative observations and numerical works, there is no quantitative observation on actual flow in the sump. Then, in the present study, we show velocity vectors and vorticity contours using an ultrasonic-velocity-profile monitor (hereinafter, referred to as UVP) which is based on an ultrasonic Doppler method (UDM) (6) , and reveal the time-mean three-dimensional flow structures. Specifically speaking, we investigate two cases, that is, cases A and B. In both cases, we often observe the air entrainment from a free surface into a suction pipe (see reference (2) ). In the case A, we see two air strings in the sump, whose positions are in the leeward of the suction pipe with small fluctuations. In the case B, we see the air entrainments from anywhere on the circumference of the suction pipe. The positions where the air entrainments occur are unstable in random manner. Figure 1 shows the present model, that is, a suction sump and a suction pipe with the simplest geometries. And, Table 1 shows basic dimensions of the model. Tested cases are two; namely, cases A and B. The difference between two cases is only in the value of Z/D. Here, D is the outer diameter of the suction pipe, which has a bell-mouth-type intake. Through the present study, D is fixed to 0.038 [m] , and a suction-pipe inner diameter d is fixed to 0.034 [m] .
Experimental Method

Experimental apparatus
We use D as a length scale. A velocity scale is the mean flow velocity V b at the bell-mouth-type intake of the suction pipe, which is defined as
where Q is the volumetic flow rate into the suction pipe. . A bend-type jet pump (No.6 and 7) pumps up water in the sump into a suction pipe (No.8). Here, the jet pump has less swirling component, than ordinary pumps. The jet pump is driven by a pump A (No.1). We measure its primary flow rate using an electro-magnetic flow meter (No.3, 4 and 5). And, we measure the total sum of the primary and secondary flows using a triangle weir (No.12). The water from the weir falls into the reservoir tank, then, a water-circulation system is closed. We measure velocities in the sump using a UVP monitor (No.11) through the side, bottom and back walls of the sump.
Velocity measurements by UVP monitor
In general, we can get fine-time-resolution informations from the measurements by hot-wire velocimetries (HW) or laser-Doppler velocimetries (LDV). However, such informations are merely time histories of velocity vectors on a few spatially-fixed points. On the other hand, we can get instantaneous velocity distributions by the UVP monitor, by means of the Doppler effect of ultrasonic echoes. Specifically speaking, the UVP monitor utilise a velocity-measuring method using the Doppler frequency shift of echo signals of pulsative ultrasonic waves reflected on minute tracer particles in fluid, and simultaneously a distance-measuring method using the time lag between emitted and returned waves. Then, we can get a simultaneous velocity distribution on a line, even in opaque fluids such as liquid metals (see reference (6) ). Furthermore, the UVP monitor has an advantage on accuracy in comparison with the PTVs and PIVs, and does not require clearly-visualised photographs. In the present study, we use a UVP monitor of UVP X-2-PS by Met Flow SA with a frequency of 4 [MHz] . The number of measuring points is 128 in one profile, and then, the space resolution on the profile is 0.75 [ When we get time-mean velocities, we average more than 200 profiles, which is enough for the present cases because the present flow is almost steady with weaker turbulence. Figure 3 shows an example data to check the average-number effect. A 200-averaged result is in good agreement with a 500-averaged one, while a 50-averaged one differs from a 500-averaged one especially at negative values of x/D. So, we can consider that the number of 200 is enough large. Owing to the air entrainment, there often exist free surfaces under the mean water level. As accurate UVP measurements are impossible near free surfaces, we avoid such measurements.
Table1 Experimental parameters
Tracers are polyethylene particles with a mean diameter of 1.2×10 -5 [m]. As the particle's density is lighter than water (its specific gravity is 0.918), we coat the particles with a surface-active agent to be suspended into water. Besides, we have confirmed that the effect of the surface-active agent on the surface tension of tested fluid is negligible. Figure 4 shows the definition of the present coordinate system. The origin O is on a sump-bottom wall and on a suction-pipe centre line. The x axis is horizontal and parallel to the sump-channel mean flow, the y axis is horizontal and normal to the sump-channel mean flow, and the z axis is vertical. We define three velocity components in the x, y and z directions as u, v and w, respectively. At each measuring point in the sump, we measure the three velocity components u, v and w. Note that the UVP monitor enables us to know only one component of velocity vectors, which is parallel to the axis of an ultrasonic transducer TDX. Moreover, the spatial range for the measurement is restricted, as the position of the TDX is outside the sump. Especially at the upstream of the sump, it becomes difficult to get fine measurements, as such place is far from the back wall. In such places, for example, when we get the u component at a point A, we measure two velocities U Ⅰ and U Ⅱ as shown in Fig. 5 . Then, we calculate u according to the following.
u=(U Ⅰ +U Ⅱ )/2sinθ . (2) In the present study, transducer's tilting angle θ is fixed to 10°.
Results and Discussion
Accuracy check
In order to confirm the accuracy of velocity measurements, we compare a UVP result with a time line by the hydrogen-bubble method. Figure 6 shows a comparison between velocity distributions by two methods for the same channel flow. For the accuracy check, we take a measuring point in the upstream of the channel, where turbulence level is low. The measurement by the hydrogen-bubble method is not a simultaneous one by the UVP, in order to avoid the hydrogen-bubble effect on the UVP. We put an acrylic plate on the water surface to stablise the flow. Tested flow velocity is in the same order as the main measurements shown in the following subsections.
In the present hydrogen-bubble method, we use a fine tungsten wire with a diameter of 50×10 -6 [m] as a cathode. The wire is strained vertically between the channel bottom to the acrylic plate. As an anode, we use a cupper plate, which is fixed in the downstream. We illuminate hydrogen bubbles electrolysed on the wire using a silt light beam, and take a photograph. Flow velocities are determined using the hydrogen-bubble velocities. As a result, we can confirm good agreement as shown in Fig. 6 . 
Case A
Now we show some typical results for the case A. Figures 7, 8 and 9 show velocity vectors and vorticity contours on the x-y plane at z/D=0.95 (near the free surface), on the y-z plane at x/D=0.63 (in the leeward of the suction pipe), and on the x-z plane at y/D=-0.63 (near the sump centre), respectively.
From Fig. 7 , we can see that the flow is almost symmetrical concerning the centre line y/D=0. And, there is a pair of swirls with opposite rotations in the leeward of the suction pipe. The centre positions of these swirls almost coincide with the positions of two string-like air bulks accompanied with the air entrainment from the atmosphere into the suction pipe. Figure 8 shows that, as well as Fig. 7 , the flow is almost symmetrical concerning the centre line y/D=0. And, we can see a pair of swirls with opposite rotations, which are a longitudinal-vortex pair with stream wise axes. Figure 9 shows that, at x/D≅0.2, there is a strong downward flow. Besides, in the downstream of the sump, we can see a swirl with anti-clockwise strong vorticity. This swirl centre also coincides with the position of a string-like air bulk.
Case B
Next, we show some typical results for the case B. Note that the flow in the case B strongly fluctuates with time, and the flow symmetry about the sump centre is frequently and randomly broken. In the conventional classification, (1) the case B is in the category "column vortex." In the present study, in order to weaken such randomness, we slightly tilt the upstream strainer by 10° at x/D=-3.15. In such condition, mean velocity on the positive y side is considered to be a little bit faster than the negative y side, but the actual velocity difference is so small that we can not confirm it clearly. Strictly speaking, the slightly-tiltted strainer may induce some effects on the time-mean flow, but the effects are considered to be negligible due to much longer time constant of the random fluctuation than that of the flow.
From Fig. 10 , we can see only one swirl on the negative y side in the leeward of suction pipe. Such clear swirl exists not on the x/y plane near or above the suction intake (as described later), but on the x/y plane below the intake. Air core by air entrainment
From Fig. 11 , we can see only one swirl with anti-clockwise vorticity in the negative y side.
From Fig. 12 , in the leeward of the suction pipe near the free surface, we can see a reversed flow, which corresponds to a complicated three-dimensional flow structure.
In summary, the case B is in the category "column vortex" in the conventional classification.
(1) It can be easily confirmed by the free-surface observations that the swirling flow around the suction pipe is weak. If we consider the flow structure under the free surface, the case B is not properly characterised only by the axisymmetrical flow around the suction pipe axis.
Flow patterns
Now, we consider time-mean and three-dimensional flow structures, based on many velocity-vector and vorticity-contour maps obtained by UVP measurements, which include Figs. 7-12. In Fig. 13(a) and Fig. 13(b) , we show the unified flow structures near the suction pipe for the case A and the case B, respectively. |ζ| in the figure denotes the magnitude of vorticity vector at the vortex-filament centre.
In the case A, the flow is almost symmetrical with the centre plane of the sump. In the leeward of the suction pipe, there exist two vortex filaments A-3 and A-4 with large-magnitude vorticities. One end of each vortex filament reaches the free surface, and Air core by air entrainment the other end reaches the suction-pipe intake. These vortex filament accompany string-like air bulks, which correspond to the air cores by the air entrainment. In the upstream of the suction pipe, there exist a pair of vortex filaments A-1 and A-2 with opposite rotations, whose axes are longitudinal.
In the case B, there exist two vortex filaments B-1 and B-2 with large-magnitude vorticities. One end of each vortex filament reaches the side wall or the bottom wall instead of the free surface, and the other end reaches the suction-pipe intake. By free-surface observations, it is difficult to confirm such a complicated flow structure, because of the lack of vortex-filament centers on the free surface. However, the present result is coherent with the observations by Anwar et al. (7) and Tagomori & Ueda. (4) Near the free surface, flow structure is much more complicated. Namely, there exist one vortex filament B-3 with a large-magnitude vorticity, and two vortex filaments B-4 and B-5 with middle-magnitude vorticities, which are irregularly arranged around the suction pipe. The vortex filament B-3 accompanies a string-like air bulk, which corresponds to the air core by the air entrainment. In order to reinforce the above explanation, we show Fig. 14 , which denotes velocity vectors and vorticity contours on the x-y plane at z/D=1.26 (near the free surface). Although we can easily see the complexity of the near-free-surface flow from the figure, we should note that the present result is time-mean one stabilised by a slightly-tiltted strainer. In the instantaneous flow structure at each constant, the degree of the flow complexity may be considerable. 
Conclusions
We have conducted UVP measurements in a suction sump, and revealed the time-mean three-dimensional flow structures quantitatively. We have tested typical two cases, where the air entrainment often occurs with different modes. Both tested cases have complicated flow structures under the free surface, which are difficult to be expected only from free-surface observations such as air strings, air cores, air bubbles and so on.
